The complete structure of a quail fast skeletal muscle troponin I gene was determined by nucleotide sequence comparison of troponin I genomic and cDNA sequences. This 4.5-kilobase troponin I gene has eight exons. The actin-binding domain of troponin I is encoded by a single exon, whereas the troponin C-binding domain is split into at least two exons. The exon organization of the fast troponin I gene suggests that gene conversion directs the nonrandom conservation of the carboxyl-terminal halves of troponin I isoforms and that the amino-terminal extension of the cardiac isoform originated by splice-junction sliding. Comparison of the structure of the troponin I gene with the structures of other contractile protein genes reveals homologous sequences in their 5' flanking regions and similar large introns that separate protein-coding exons from 5' nontranslated exons. These common structural features may function to coordinate the activation of contractileprotein genes during myogenesis.
Troponin I is a family of three muscle-specific myofibrillar proteins involved in the calcium regulation of contraction in cardiac and in skeletal muscle (1) . Troponin I proteins have multiple functional domains that are distinct and bind with high affinity to actin (2) and troponin C (3) (see Fig. 1 ). The interactions of these domains regulate actomyosin ATPase activity in resting and contracting muscle (4) . Troponin I also interacts functionally with other muscle proteins, including troponin T (5) . The specific domains involved in these other interactions have yet to be identified.
Amino acid sequence studies have revealed that avian and mammalian muscles differentially express three related troponin I isoforms specific to cardiac and to fast and slow skeletal muscles (1) . Comparison of their amino acid sequences indicates that these three troponin I isoforms are encoded by separate genes that arose by gene duplication prior to the divergence of birds and mammals more than 250 million years ago. However, the evolution of these troponin I protein isoforms has been strikingly nonrandom (Fig. 1) . Their amino-terminal halves are highly divergent, whereas their carboxyl-terminal halves are highly homologous (1) . Furthermore, the cardiac isoform has a 26-residue aminoterminal extension. The functional significance and evolutionary origin of the divergent and homologous sequences in troponin I isoforms are unknown.
The troponin I gene is one of the set of muscle-specific genes that are coordinately activated during the differentiation of embryonic myoblasts (6) . A previous report described the isolation and nucleotide-sequence analysis of cDNA clones encoding quail fast muscle troponin I and other regulated muscle protein mRNAs (7) . Here we report the complete structure of the quail fast skeletal muscle troponin I gene and its upstream transcriptional promoter. The structure of this troponin I gene now provides a basis for examining the evolutionary origins of the multiple functional domains of troponin I, the evolutionary origins and divergence of troponin I protein isoforms, and the molecular basis of the coordinate transcriptional regulation of troponin I and other muscle genes during muscle development.
MATERIALS AND METHODS
Isolation and Mapping of the Troponin I Gene. The isolation of overlapping quail fast skeletal muscle troponin I cDNA clones has been described (7) . One of these clones, cC120, was used as a hybridization probe (8) to screen a genomic library of -20-kilobase (kb) partial EcoRI restriction fragments of quail embryo DNA cloned in the A Charon 4A vector (9) (10) (11) (12) .
DNA Sequence Analysis. Genomic and cDNA nucleotide sequences were determined by the method of Maxam and Gilbert (13) . Sequences were 95% confirmed by sequencing both DNA strands. DNA sequences were edited and analyzed by use of the Stanford Molgen computer system programs, a VAX 11/750 computer, and the GenBank data base (distributed by Bolt, Beranek and Newman, Inc., Cambridge, MA).
Nuclease S1 Mapping. The 5' and 3' gene transcript boundaries were mapped by nuclease S1 analysis (14) , as described (15) .
RESULTS
Cloning of the Quail Fast Skeletal Muscle Troponin I Gene. Partial DNA sequence analysis of three cDNA clones isolated from a cDNA library of quail myofiber-specific RNAs revealed that these clones encode the fast skeletal muscle isoform of troponin I (7). The cDNA clones, cC106, cC112, and cC120, are overlapping and encode all of the proteincoding region of the troponin I mRNA as well as 5' and 3' nontranslated sequence.
Troponin I genomic clones were isolated by screening an embryonic quail genomic DNA library in X Charon 4A, using cC120 as the probe. One genomic clone recovered in this screen, gClTnI4 (previously referred to as XQETnI4), has a 16-kb genomic DNA insert that includes the complete troponin I gene.
The Nucleotide Sequence of the Troponin I Gene. The nucleotide sequence of the region of gClTnI4 homologous to fast muscle troponin I cDNA clones was compared with the nucleotide sequences of the cDNA clones cC106, cC112, and cC120. The sequences of these cDNA clones are overlapping and include 43 base pairs (bp) of 5' nontranslated sequence, the entire 546-bp offast skeletal TnI protein coding sequence, and 140 bp of 3' nontranslated sequence. Fig. 2 
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The 5' and 3' Boundaries. Upstream of the genomic sequences homologous to the 5' nontranslated sequences of cC106 are the sequences TTTTATA and TAAA, similar to the TATA consensus sequence present in the upstream promoter regions of most eukaryotic, polymerase II-dependent structural genes (17) . Identification of this region as the troponin I promoter was further established by nuclease S1 mapping from a Bgl I site in the 5' nontranslated sequence of both the genomic DNA and cC106 (15) . The predominant 5' mRNA terminus, accounting for -'60% of the Si-protected fragments, is located at the G residue 30 nucleotides downstream of the first T of the sequence TTTTATA (Fig. 2) (Fig. 2) . S1 mapping analysis (15) reveals that troponin I RNAs have three termini that map 12, 15, and 43 nucleotides 3' of the final A of the AATAAA sequence (Fig. 2) . Thus, the 5' and 3' boundaries of this fast skeletal muscle troponin I gene are within a 4500-bp region that encodes 830 bp of troponin I mRNA sequence dispersed in eight exons. The troponin I mRNA encoded by this gene includes 82 bp of 5' nontranslated sequence from the predominant transcription start site, 546 bp of protein-coding sequence, and =200 bp of 3' nontranslated sequence.
Intron/Exon Arrangement of the Troponin I Gene. Exons of the quail fast skeletal muscle troponin I gene range in size from 300 bp for exon VIII to only 7 bp for exon III, and all are bounded by GT/AG splice junctions. To our knowledge, exon III is the smallest yet reported for any gene (19) . The first exon encodes only nontranslated RNA sequence and is separated by a relatively large (1700-bp) first intron separating the translation start codon in the second exon (Figs. 2 and  3 ). The first five exons and their associated introns comprise '80% of the gene sequence. This gene organization concentrates the DNA encoding the carboxyl-terminal half of the protein (Fig. 3) . The carboxyl-terminal 32 amino acids, the translation stop codon (TAA), and the entire 3' nontranslated sequence are included in exon VIII.
Troponin I proteins have two known functional domains. The troponin C-binding domain of fast muscle troponin I is located between amino acid residues 10 and 22 (1) . This domain is encoded by exons IV and V (Figs. 1 and 3 ) and thus is split by an intron. Actin-binding domains and actomyosin ATPase-inhibition domains of fast troponin I are located in the region of amino acids 98-119 (1). These domains are encoded entirely within exon VII (Figs. 1 and 3 ). Genes. Nuclease S1 mapping identified a major transcription start site for troponin I mRNA (Fig. 2) . Upstream of this site is a sequence, TTTTATA, that is similar to the TATA homology (17) found in approximately the same location in most RNA polymerase II-dependent genes. Two sequences, CCATT and CCAT, similar to the CCAAT homology (23) , are located 100 and 80 nucleotides upstream of the major start site (Fig. 2) . Thus the immediate 5' flanking DNA of the troponin I gene resembles the promoter regions of other eukaryotic genes.
Troponin I gene expression is coordinately regulated with other muscle-specific genes during myogenesis (6) , and thus it is of interest to examine whether these coexpressed genes share upstream muscle-specific sequence homologies. A computer search of troponin I 5' flanking DNA reveals a sequence homologous to a 20-bp sequence found 100 bp upstream of the mRNA start site of both chicken and rat skeletal muscle a-actin genes (20, 24, 25) . This homologous troponin I sequence is located 329 bp upstream of the major mRNA transcription start site, matches the chicken a-actin sequence in 12 of 17 positions, and is related to sequences in the 5' flanking regions of a skeletal muscle myosin light chain 3 gene (21) and a cardiac myosin heavy chain gene (22) (Fig.  4) .
DISCUSSION
The structure of a quail fast muscle troponin I gene has been determined unambiguously by comparing nucleotide sequences of fast skeletal muscle troponin I cDNAs (Fig. 2) with homologous troponin I genomic nucleotide sequences. This sequence comparison, along with nuclease S1 mapping to define the 5' and 3' transcribed gene boundaries, demonstrates that the 830-bp troponin I mRNA is encoded by a 4.5-kb gene comprised of eight exons (Fig. 3) . The exon sequences of this quail troponin I gene are identical to those of fast skeletal muscle cDNAs and encode a protein identical to the chicken fast troponin I isoform (1). The structure of troponin I, as well as other vertebrate myosin and actin muscle genes (21, 22, (24) (25) (26) (27) , now provides a basis for understanding the evolution of contractile protein gene families and their muscle-specific regulation.
The structure of the fast troponin I gene reveals a different exon organization for the functional actin-binding and troponin C-binding domains of the troponin I protein. The troponin I actin-binding domain is encoded exclusively within one exon, exon VII (Fig. 3) , and thus exhibits an exon-domain relationship common to many proteins (28, 29) . It will be of interest to determine whether the variety of genes encoding other actin-binding proteins have protein domains and exons similar in structure to troponin I exon VII, consistent with an exon-shuffling model of protein evolution (30) . It also will be of interest to compare exon structure of the actin-binding domains of the genes encoding the slow skeletal and cardiac troponin I isoforms, since the amino acid sequences of actin-binding domains of these three troponin I isoforms are highly conserved (Fig. 1) . In contrast to the actin-binding domain, the troponin C-binding domain of the fast skeletal muscle troponin I gene (1) is split between exons IV and V. The exact borders of the troponin C-binding domain are uncertain and might extend into exon III (1). The troponin C-binding domain is located in a region of variable and conserved amino acids in the three troponin I isoforms (Fig. 1) . The partial conservation of amino acid residues among all isoforms in the region split by exons IV and V of the fast troponin I gene suggests that the troponin C-binding domain originated prior to the duplications of the ancestral gene that gave rise to this gene family. Future comparative analysis of the exon organization of cardiac and slow troponin I genes in this troponin C-binding-domain region, as well as the other homologous protein-coding regions, should reveal the evolutionary history of the troponin I gene family and the origins of the functionally specialized domains of the cardiac, fast, and slow troponin I isoforms of vertebrate muscles. Structural comparison of cardiac, fast, and slow troponin I proteins indicates that these isoforms are evolving nonrandomly. The amino-terminal halves of these isoforms are highly divergent, whereas their carboxyl-terminal halves are highly homologous over long stretches of protein sequence having no known functional or structural importance (ref. 1 and Fig. 1 ). The cardiac troponin I isoform also has a 26 amino acid amino-terminal extension perhaps functionally important in cardiac muscle function through phosphorylation of a serine in this extension-peptide region (31) . The exon structure of the quail fast troponin I gene suggests that gene conversion might maintain the homology ofthe carboxyl termini of these three isoforms and that exon-junction sliding may have played a role in the origin of the cardiac isoform amino-terminal extension.
The introns of the fast troponin I gene are distributed unevenly along the RNA coding sequence, leading to a heterogeneous distribution of exon sizes (Fig. 3) . Exon sizes range from 7 bp to 300 bp. Only two of the eight exons (exons V and VII) are in the 140-bp size class, the most prevalent in eukaryotic genes (32) . The first five exons are flanked by the majority of intron DNA (Fig. 3) . This gene organization disperses the sequences encoding the amino-terminal half of the protein over 3.5 kb of DNA and concentrates the exons encoding the carboxyl-terminal half of the protein into =1 kb ofDNA. This organization could favor gene conversion at the 3' ends of the isoform genes, thereby maintaining the striking homology of the carboxyl-terminal halves of the isoforms. Gene conversion is one mechanism known to act on gene families to maintain their sequence homogeneity (33) . Gene conversion has been proposed to account for sequence homologies in two t-globin genes (34) and in the variable regions of immunoglobulin genes (33) . Such a gene-conversion mechanism predicts that the exon/intron organization of the three troponin I isoform genes is similar in their carboxylterminal gene regions and that sequences of intron 7 of these genes are more homologous than those of introns in the more divergent 5' regions. In this regard, it also will be of interest to determine whether the troponin I isoform genes are closely linked, an organization that might enhance such geneconversion events.
The intron/exon organization of the fast troponin I gene also suggests an origin for the 26-residue amino-terminal peptide in the cardiac troponin I isoforms (Fig. 1) . If the cardiac troponin I gene is shown to have an intron positioned immediately downstream ofthe ATG initiation codon, similar to intron 2 of the fast troponin I gene, then the cardiac amino-terminal extension likely arose as an insertion by a splice-junction-sliding mechanism that created an exon larger by 78 bp than the corresponding exon in the fast muscle gene. This type of mechanism has been proposed to account for insertions in the serine protease family (35 tion start site in both chicken and rat a-actin genes (20) and at -329 in the fast troponin I gene (Figs. 2 and 4) . These sequences align into three regions: a G+C-rich region and an A+T-rich region that flank a 4-bp central core region of more variable sequence (Fig. 4) . Single-base shifts and inversions in these alignments increase the extent of homology of these sequences. Homologous sequences are also located at -411 in the 5' upstream region of the cardiac myosin heavy chain gene (22) and at -256 of the myosin light chain 3 gene (21) . The identification of homology between cardiac and skeletal muscle gene promoters is not unexpected, since cardiac and skeletal genes are coexpressed in embryonic skeletal muscle (36) (37) (38) . A homologous sequence has not yet been identified in the flanking regions of myosin light chain 1 and myosin light chain 2 gene promoters (21, 26) , but data on the 5' flanking sequences of these genes are limited. Based on the distant location ofthis sequence from the troponin I gene, this sequence could be further upstream than the published sequences of these genes. Extensive computer analysis of mammalian library gene sequences revealed that these homologies in the 5' flanking regions of muscle genes are muscle-specific and are not found in nonmuscle gene sequences. Furthermore, recent gene-transfection studies show that the region of the troponin I homologous sequence at -329 is required for the muscle-specific expression of troponin I genes (15) and that muscle-specific regulatory sequences also are localized in the skeletal a-actin gene promoter region (39) . We suggest that these homologous sequences are cis-acting transcriptional control elements (see ref. 40 for review) involved in the coordinate control of muscle genes, analogous to consensus promoter sequences involved in the regulation of heat shock (41) and steroidinduced genes (42) . The second structural feature that the troponin I gene shares with a-actin (24, 25, 27) , cardiac myosin heavy chain (22) , myosin light chain 2 (26) , and myosin light chain 3 genes (21) is that a large intron separates the promoter and first exon encoding nontranslated RNA sequences from the proteincoding region in the second exon. This gene organization could facilitate recombinational genome "shuffling" of muscle gene promoters and their transcriptional regulatory elements and raises the possibility that the first intron of muscle genes has a regulatory function.
